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Proteasome formation does not occur due to sponta-
neous self-organization but results from a highly
ordered process assisted by several assembly chap-
erones. The assembly of the proteasome ATPase
subunits is assisted by four client-specific chaper-
ones, of which three have been structurally resolved.
Here, we provide the structural basis for the working
mechanisms of the last, hereto structurally unchar-
acterized assembly chaperone, Nas2. We revealed
that Nas2 binds to the Rpt5 subunit in a bivalent
mode: the N-terminal helical domain of Nas2 masks
the Rpt1-interacting surface of Rpt5, whereas its
C-terminal PDZ domain caps the C-terminal protea-
some-activatingmotif. Thus, Nas2 operates as a pro-
teasome activation blocker, offering a checkpoint
during the formation of the 19S ATPase prior to its
docking onto the proteolytic 20S core particle.
INTRODUCTION
The 26S proteasome plays an indispensable role in ubiquitin-
dependent proteolysis by degrading proteins conjugated to
ubiquitin. This enzyme is a huge multiprotein complex and
comprises a catalytic core particle (CP) and one or two 19S reg-
ulatory particles (RPs) (Baumeister et al., 1998; Coux et al., 1996;
Tanaka, 2009). The catalytic 20S CP is composed of seven
different homologous a-subunits and seven different homolo-
gous b-subunits, which are assembled into a cylindrical architec-
ture comprising two outer a-subunit heteroheptameric rings and
two inner b-subunit heteroheptameric rings (Unno et al., 2002).
The 19S RP is composed of at least 19 subunits and can be
divided into two subcomplexes, the base and the lid (da Fonseca
et al., 2012; Lander et al., 2012; Lasker et al., 2012). The base
complex is composed of six different homologous ATPase sub-
units (Rpt1–Rpt6) and three additional non-ATPase subunitsStructure 22(Rpn1, Rpn2, and Rpn13). The lid complex is composed of at
least nine non-ATPase subunits. The 19S RP is responsible for
targeting the ubiquitin-tagged substrate, activating the CP by
opening the gate, and removing the ubiquitin chain from the sub-
strate (Baumeister et al., 1998; Coux et al., 1996; Tanaka, 2009).
The 20S CP sequesters its proteolytic active sites within the
chamber of its cavity and thereby avoids nonselective proteoly-
sis through its architecture. Hence, substrate entry is limited by
the gate pore in the a subunit ring. The 19S RP docks onto the
CP through the C-terminal tails of the ATPase subunits Rpt2,
Rpt3, and Rpt5, thereby stimulating the opening of the gate
(Beckwith et al., 2013; da Fonseca et al., 2012; Gillette et al.,
2008; Lander et al., 2012; Lasker et al., 2012; Smith et al., 2007).
Recently accumulated evidence has demonstrated that the
assembly of the eukaryotic 26S proteasome is not due to
spontaneous self-organization but due to an ordered process
assisted by several proteins called ‘‘proteasome assembly
chaperones’’ that transiently associate with the assembly inter-
mediates at certain steps in the assembly pathway (Kish-Trier
and Hill, 2013; Murata et al., 2009; Ramos and Dohmen, 2008;
Tomko and Hochstrasser, 2013). Formation of the 20S CP is
assisted by the five specific assembly chaperones Ump1
(UMP1 in mammalian cells) and Pba1–Pba4 (PAC1–PAC4). In
19S proteasome biogenesis, four dedicated assembly chaper-
ones (Nas2 [p27], Nas6 [gankyrin], Rpn14 [PAAF1], and Hsm3
[S5b]) are responsible for the efficient and correct assembly of
the base complex (Funakoshi et al., 2009; Kaneko et al., 2009;
Le Tallec et al., 2009; Roelofs et al., 2009; Saeki et al., 2009;
Tomko et al., 2010). Each base-specific chaperone binds to
the C-terminal domain of a specific Rpt subunit and is respon-
sible for the formation of one of three distinct subassemblies
(Nas2-Rpt5-Rpt4, Nas6-Rpt3-Rpt6-Rpn14, and Hsm3-Rpt1-
Rpt2-Rpn1). The Nas2 module and Nas6-Rpn14 module asso-
ciate with each other, followed by incorporation of the Hsm3
module, which triggers Nas2 dissociation from the complex
(Tomko et al., 2010).
To date, the 3D structures of the RP-assembly chaperones
have been determined except for that of Nas2 (Barrault et al.,
2012; Ehlinger et al., 2013; Kim et al., 2010; Nakamura et al.,
2007; Takagi et al., 2012). Furthermore, the structural basis, 731–743, May 6, 2014 ª2014 Elsevier Ltd All rights reserved 731
Figure 1. Genetic and Biochemical Analysis of Nas2 Functions
(A) Phenotype of Nas2 deletionmutants. Constructs for the N-terminal and C-terminal domains correspond to residues 1–120 and 121–220, respectively, in Nas2.
FL, full-length Nas2 (1–220); N, N-terminal segment (1–120); C, C-terminal segment (121–220).
(B) In vivo coimmunoprecipitation assay of Nas2. Proteins precipitated with FLAG-tagged Nas2 or its deletion mutants were subjected to SDS-PAGE followed by
CBB staining. Protein bands identified by mass spectrometry are indicated. Same sample were further analyzed by western blotting using staining with anti-
Rpn2, Rpt4, Rpt5, and yeast 20S proteasome antibodies. Asterisk denotes nonspecific cross-reactive band.
(legend continued on next page)
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Nas2-Mediated Proteasome Assembly Mechanismshas been provided for the specific interaction of each of the three
RP-assembly chaperones with their cognate Rpt subunit. The
structural data demonstrated that Hsm3 functions as a match-
maker for the Rpt1-Rpt2-Rpn1 assembly by bridging Rpt1 and
Rpt2 (Barrault et al., 2012; Takagi et al., 2012). Furthermore,
the 3D model building has suggested that Hsm3, Nas6, and
Rpn14 bound to the Rpt ATPase ring would create a steric hin-
drance against the 20S CP, thereby explaining why these
assembly chaperones are not present in the 26S proteasome
holocomplex. Although these studies provided some mecha-
nistic insights into proteasome assembly, the structural basis
for the functional role of Nas2 remains unclear. The aim of this
study is to provide the missing link in the proteasome assembly
pathway.
RESULTS
The C-Terminal Domain of Rpt5 Is Recognized through
N- and C-Terminal Domains of Nas2
Nas2 interacts with the C-terminal segment of Rpt5 (Saeki et al.,
2009). This assembly chaperone is composed of 220 amino acid
residues, harboring an 80–90 residue-long C-terminal PDZ
domain, which is often involved in the binding of target protein
C termini (Hung and Sheng, 2002). Nas2 appeared to interact
with the C-terminal segment of Rpt5 (Lee et al., 2011). The bio-
informatic analysis of the Nas2 sequence using the program
DISOPRED2 (Ward et al., 2004) identified a disordered region
(residues 119–127, disorder probability score > 0.3) preceding
the PDZ domain, suggesting that Nas2 consists of N- and
C-domains connected by a flexible linker. We constructed a
gene disrupted strain of nas2 and observed its phenotype in
hsm3D background. As we previously reported (Saeki et al.,
2009), the disruptants of nas2Dhsm3D experienced severe
growth defects at a restrictive temperature (37C), which could
be rescued by overexpression of Nas2 (Figure 1A). In this assay,
we unexpectedly found that the defect was largely rescued by
the N-terminal segment (residues 1–120, termed Nas2N) without
the C-terminal PDZ domain (residues 121–220), highlighting the
functional importance of Nas2N.
We assessed the interactions between Nas2 deletion mutants
and Rpt5 by coimmunoprecipitation assays (Figure 1B). As pre-
viously reported (Funakoshi et al., 2009; Kaneko et al., 2009;
Saeki et al., 2009; Tomko et al., 2010), Rpt4 and Rpt5, which
are adjacent to each other in the ATPase ring, were coprecipi-
tated with FLAG-tagged full-length Nas2. In this assay, we
demonstrated that Nas2N coprecipitated with Rpt4 and Rpt5,
whereas Nas2C (residues 121–220) did not. In the Nas2-contain-
ing complex mediating its N-terminal segment, additional spe-
cific proteins were also detected and identified as Rpt3, Rpt6,
and Rpn2 by mass spectrometry (MS), consistent with previous
observation that the Nas2 module makes a subassembled com-
plex with Nas6-Rpn14 module together with Rpn2 in the RP(C) In vitro pull-down assay of Nas2. His6-tagged Nas2 deletion mutants and full-
system (Figure S1) and then pulled down by Ni-Sepharose resin. Input and elute
(D) SPR analysis of Nas2. PAN-Rpt5C (10.0 mM) were injected into individual N
Nas2N, and His6-MBP-tagged Nas2C121–220. In order to calculate KD values for fu
10.0 mM) of PAN-Rpt5C were injected over the flow cells.
See also Figure S1.
Structure 22assembly pathway (Tomko et al., 2010). Next, we conducted
in vitro pull-down experiments using purified proteins expressed
by wheat germ cell-free expression systems (Figure 1C and Fig-
ure S1 available online). The pull-down experiments showed that
the full-length and N-terminal domain of Nas2 were capable of
binding to Rpt5 but not Rpt4, indicating that the observed inter-
action between Nas2 and Rpt4 was indirect and mediated
through Rpt5. In contrast, binding of the Nas2C could not be de-
tected in this assay. These experiments indicated that Rpt5 inter-
acts primarily with Nas2N.
We performed quantitative binding assays using surface plas-
mon resonance (SPR) (Figure 1D). Our SPR experiment showed
that the dissociation constants of the Rpt5 C-terminal segment
(residues 356–434, termed Rpt5C) and full-length Nas2 or
Nas2N were estimated to be 1.85 3 106 M or 1.48 3 105 M,
respectively (Figure 1D). Thus, the C-terminal segment of Nas2
significantly contributes to its affinity for Rpt5C although interac-
tion of the isolated segment, i.e., Nas2C, with Rpt5C was barely
detected in the SPR analysis. From these results, we suggest a
dual recognition mode for Rpt5 binding by the two domains of
Nas2: the N-domain of Nas2 mainly mediates the interaction
with Rpt5C, which is reinforced by the C-terminal PDZ domain.
Structural Determination of the Complex Formed
between Nas2N and Rpt5C
Based on our finding that both N- and C-terminal domains of
Nas2were involved in Rpt5C interaction (Figure 1), we attempted
to crystallize full-length Nas2 and Rpt5C complexes. However,
despite extensive crystallization screening, the complex crystals
could not be produced. Therefore, we performed the crystalliza-
tion using Nas2N and proteasome-activating nucleotidase
(PAN)-Rpt5C (Rpt5C containing the hydrophobic-tyrosine-
unspecified residue [HbYX] motif [FYA-COOH] fused with the
nucleotide-binding AAA+ ATPase domain of PAN [archaeal RP
ATPase homolog]) constructs and finally determined the com-
plex structure of Nas2N and PAN-Rpt5C at 4.0 A˚ resolution.
During the structural determination processes, we also solved
respective single Nas2N and PAN-Rpt5C structures at 1.65 A˚-
and 2.6 A˚-resolution, respectively.
The 1.65 A˚ crystal structure revealed that the Nas2 N-terminal
domain has an elongated structure consisting exclusively of four
amphiphilic a helices (Figure 2A). A long a helix composed of 39
residues (termed a4) forms a structural core with two a helices
composed of nine and 25 residues (termed a2 and a3, respec-
tively). The N-terminal a helix (termed a1, composed of 11 resi-
dues) is segregated from the core. In the crystal, the a1 helix
interacts with a crystallographically neighboring molecule with
a 2-fold symmetry, forming a pseudo-homodimer (Figure S2).
However, as will be described later, Nas2N is monomeric in
solution while the conformation of the a1 helix is largely
disturbed by the crystal contacts. Comparison of the structures
of Nas2 with other known protein structures using the DALIlength Rpt4 or Rpt5 were cosynthesized by a wheat germ cell-free expression
d proteins were subjected to SDS-PAGE followed by CBB staining.
TA-biosensor chips immobilized with His6-tagged Nas2FL, His6-MBP-tagged
ll-length Nas2 and Nas2N, five different concentrations (0.63, 1.3, 2.5, 5.0, and
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Figure 2. Crystal Structures of the Nas2
N-Domain Alone and Its Complex with the
Rpt5 C-Domain
(A) A ribbon model of the Nas2N. The positions of
the N and C termini are indicated by blue letters.
Dotted lines indicate a disordered loop.
(B) Structural comparison of the C-terminal do-
mains of four AAA+ ATPases: Rpt5 (wheat), Rpt1
(PDB code: 3VLF, gray) (Takagi et al., 2012), Rpt3
(PDB code: 2DZN, pink) (Nakamura et al., 2007),
and PAN (PDB code: 3H4M, green) (Zhang et al.,
2009).
(C) Close-up view of the ATP-binding site of PAN-
Rpt5C chimeric protein. Pyrococcus PAN AAA+
ATPase domain and Saccharomyces Rpt5C are
colored gray and green, respectively. Residues of
PAN-Rpt5C involved in ATP-binding are shown as
stick models.
(D) A ribbon model of the Nas2N-PAN-Rpt5C
complex. The secondary structural elements of
Nas2 and Rpt5 are labeled with black and red
letters, respectively. Bound ATP is shown as stick
models.
Related to Figure S2.
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Nas2-Mediated Proteasome Assembly Mechanismsserver (Holm and Rosenstro¨m, 2010) revealed no marked struc-
tural similarities (Z score < 8.5, root-mean-square deviation
[rmsd] = 10.3).
Overall structures of the PAN ATPase domain and yeast Rpt5
C-domain are very similar to those of canonical AAA+ ATPases
such as HsIU (Lupas and Martin, 2002). The Pyrococcus furio-
sus PAN ATPase domain can be closely superimposed with
ADP-bound PAN from Methanocaldococcus jannaschii with an
rmsd of 0.86 A˚ for 167 Ca atoms (Zhang et al., 2009). As for
the C-terminal domain, Rpt5 can be closely superimposed
with those of yeast Rpt1 (Takagi et al., 2012) and Rpt3 (Naka-
mura et al., 2007) with an rmsd of 1.03 A˚ for 69 Ca and 1.36 A˚
for 56 Ca atoms, respectively, showing their similar structural
fashions (Figure 2B). Interestingly, ATP, but not ADP, is bound
in the canonical nucleotide-binding site. PAN-Rpt5C was found
to copurify with ATP from Escherichia coli host cells. Besides
Walker A (G-X4-G-K-(T/S),
178GPPGCGKT185) and Walker B
(Hb4-D-E [Hb: hydrophobic],
233IIFIDE238) motifs in the PAN
ATPase domain, four residues (Ile360, His364, Ala389, and
Lys392) in Rpt5C are also involved in the ATP binding (Fig-
ure 2C). The Ile360 and His364, which are located in the middle
part of the a1 helix, bind the adenine moiety, whereas Ala389
and Lys392, which are located in the N-terminal tip of the a3
helix, stabilize the ribose moiety. These ATP-binding residues
are highly conserved between yeast and archaeal proteins,
and thus, the chimeric protein could bind the nucleotide(s).
The C-terminal 9 residue of Rpt5 (including the HbYX motif
responsible for 20S CP gate opening resulting in proteasomal
activation [Gillette et al., 2008; Smith et al., 2007]) is completely734 Structure 22, 731–743, May 6, 2014 ª2014 Elsevier Ltd All rights reserveddisordered, suggesting that the C-termi-
nal segment has a flexible property.
Nas2N formed a 1:1 complex with PAN-
Rpt5C in the crystal (Figure 2D), implying
that the N-domain of Nas2 functions as
a monomer. As expected, the Rpt5Cmoiety, but not the PAN ATPase domain fused thereto, was
involved in the interaction with Nas2N. Like sole PAN-Rpt5C,
ATP is bound to the canonical nucleotide-binding site. In the
complex, a3 and a4 helices of Nas2N interact exclusively with
the a3 helix of Rpt5C. Because the ATP binding-site is not close
to the Nas2-binding site (Figure 2D), the Nas2 interaction ap-
pears to be unaffected by the ATP binding of Rpt5. The C-termi-
nal 9 residues of Rpt5C are disordered possibly due to the lack of
a PDZ domain in this construct, and they do not associate with
Nas2N. When the complex structure was compared with un-
complex forms, no significant structural change was observed
in Rpt5C. In contrast, there are several conformational differ-
ences in Nas2N, particularly in its a1 helix (Figure S2). However,
we hypothesized that such structural alternation does not occur
in solution because the observed crystallographic dimer medi-
ated by the a1 helix was not present in the complex form. Hence,
in addition to the crystallographic study, we also performed
solution NMR analyses to evaluate this issue and the engage-
ment of the Rpt5 C-terminal peptide, possibly in interaction
with the C-terminal PDZ domain of Nas2 (described in the next
section).
Detailed Binding Mode between Nas2 and Rpt5C
The crystallographic data revealed that Nas2N binds Rpt5C
through extensive hydrophobic and electrostatic interactions,
burying a total surface area of 670–794 A˚2 (Figure 3A). The hydro-
phobic interface is composed of Leu31, Met35 (a3), Leu97,
Leu104, and Phe108 (a4) of Nas2N and Met368 (a1-2 loop),
Val396, Met400, and Leu403 (a3) of Rpt5C. In contrast, the
Figure 3. Detailed Binding Mode between
Nas2N and Rpt5C
(A) Close-up view of the Nas2N-Rpt5C interface
showingaminoacidsofNas2 (black) andRpt5 (red).
Residues of Nas2 and Rpt5 potentially involved
in the hydrophobic and electrostatic interactions
(<4.0 A˚ distance) are shown as stick models.
(B) SPR analysis of the interactions. His6-tagged
full-length Nas2 and its point mutants were im-
mobilized on the Sensor Chip NTA (Biacore), and
PAN-Rpt5C were injected over the flow cells. All
proteinswere tested at a concentration of 10.0 mM.
Related to Figure S3.
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Nas2-Mediated Proteasome Assembly Mechanismselectrostatic interface is composed of Lys38 and Glu42 (a3) of
Nas2N and Glu397 (a3) and Arg425 (a4) of Rpt5C, suggesting
two potential salt bridges, namely, Lys38Nas2-Glu397Rpt5 and
Glu42Nas2-Glu425Rpt5.
To examine whether the interactions exist in solution, we per-
formed SPR and NMR analyses using full-length Nas2 and PAN-
Rpt5C proteins. SPR analysis showed that the single amino acid
substitutions at the interface (L31A, K38A, E42A, L97A, L104A,
and F108A, except for M35A) in the Nas2 derivative negatively
affected its binding to Rpt5C (Figure 3B), indicating that both
hydrophobic and charged residues of the Nas2 N-domain are
involved in Rpt5C binding. Among these residues, mutation of
Glu42 markedly impaired the interaction. Consistently, the
affected four residues (Lys38, Glu42, Leu104, and Phe108) are
highly conserved across species, whereas the uninvolved
Met35 is not (Figure S3). These results suggest that the hydro-
phobic and electrostatic interactions observed in the crystal
structure contribute to stabilization of the Nas2-Rpt5 complex.
Furthermore, we conducted NMR analyses using 15N-labeled
Nas2 and the PAN-Rpt5C to characterize their interaction in
solution. The 1H-15N HSQC spectrum of full-length Nas2 was
essentially superposed to those ofNas2NandNas2C (Figure 4A),
suggesting that the two domains connected through flexible
linker are structurally independent. Residues exhibiting chemical
shift differences between full-length and isolated segments of
Nas2 were confined to the vicinity of cleavage site (between
120 and 121) (Figure 4B). 1H-15N heteronuclear NOE measure-
ments of full-length Nas2 also confirmed that the linker connect-
ing the two domains was indeed mobile and disordered as
predicted (Figure 4C). We performed the binding experiment
using 15N-labeled full-length Nas2 and revealed that signals
from both the N- and C-terminal segments exhibited perturba-
tions upon addition of PAN-Rpt5C (Figure S4), suggesting a
bivalent binding mode of Nas2. However, an excessive number
of residues could not be assigned due to severe peak broad-
ening (due to slower molecular tumbling) and peak overlapping
in the presence of PAN-Rpt5C (Figure S4B). In view of this situ-
ation, we attempted to use the separated N-terminal segment for
the NMR-based binding assays.
Upon addition of PAN-Rpt5C, spectral changes were ob-
served for the a3 and a4 helices of Nas2N, whereas no remark-
able spectral perturbation was observed for its a1 and a2 helices
(Figure 5). This confirmed the Rpt5C-binding site in Nas2N that
was previously identified in the crystal structure (Figure 3), also
indicating that the conformational difference of the a1 helix be-
tween the crystal structures of Nas2N and its complex withStructure 22PAN-Rpt5C is due to a crystal packing artifact. Accordingly,
the crystallographic pseudo-homodimer of Nas2N mediated by
the a1 helix is also described as a nonphysiological interaction.
Taken together, our NMR data confirms that Nas2 functions as
a monomer in solution.
To address whether the PDZ domain of Nas2 specifically inter-
acts with the C-terminal segment of Rpt5, PAN-Rpt5C and
synthetic C-terminal heptapeptides (431TIEYQKL437 from Rpt4
and 428KSVSFYA434 fromRpt5) were added to the Nas2C. As ex-
pected, parts of the HSQC peaks derived from the PDZ domain
(e.g., G211-C215) exhibited chemical shift perturbations upon
addition of PAN-Rpt5C (Figure 6). The perturbed residues were
almost identical with those derived from the full-length analysis
(Figure S4). Furthermore, chemical shift changes induced by
the Rpt5 peptide were almost identical with those observed for
PAN-Rpt5C, whereas the Rpt4 peptide caused virtually no
spectral change, consistent with previous biochemical studies;
deletion of the C-terminal three residues of Rpt5 abolished the
binding capability to full-length Nas2 (Lee et al., 2011). These re-
sults demonstrate that Nas2 executes a bivalent interaction with
Rpt5C using the two domains connected through the flexible
linker, both of which specifically recognize Rpt5 determinants.
The C-terminal sequence (FYA-COOH) of Rpt5 consistently
meets the consensus for a class II PDZ target (Hb-X-Hb-
COOH [Hb: hydrophobic]), whereas that of Rpt4 (QKL-COOH)
does not match any such PDZ consensus (Hung and Sheng,
2002). We mapped the amino acid residues, whose NMR peaks
were perturbed upon binding to the PAN-Rpt5C, on the homol-
ogy model of the Nas2 PDZ domain (Figure 6C). The mapping
indicated that the perturbed amino acid residues are located at
the canonical ligand-binding site of PDZ domains. Importantly,
it has been shown that the proteasome gate opening is triggered
by the docking of the C-terminal CP-binding HbYXmotifs of Rpt2
(LYL-COOH), Rpt3 (FYK-COOH), and Rpt5 (FYA-COOH) into a
pocket located on the a-ring (Beckwith et al., 2013; Gillette
et al., 2008; Smith et al., 2007). Therefore, the Nas2 PDZ domain
is most likely to serve as a specific blocker against the 20S
CP-Rpt5 interaction and consequent proteasome activation.
AComparison of BindingMode among 19S RP Assembly
Chaperone Complexes
We compared interaction modes among RP assembly chaper-
ones (Figure 7). We previously showed that each RP-specific
assembly chaperone binds to the C-terminal domain of a spe-
cific Rpt ATPase (Hsm3-Rpt1, Nas6-Rpt3, Rpn14-Rpt6, and
Nas2-Rpt5) (Saeki et al., 2009). The crystallographic studies, 731–743, May 6, 2014 ª2014 Elsevier Ltd All rights reserved 735
Figure 4. NMR Analysis of Full-Length Nas2
(A) Overlay of 1H-15N HSQC spectra of 15N-labeled full-length Nas2 (black), Nas2N (red), and Nas2C (blue).
(B) NMR chemical shift difference for full-length Nas2 in comparison with Nas2N and Nas2C. ‘‘P’’ and ‘‘x’’ indicate proline and unassigned residues, respectively.
The secondary structures of the N-domain are based on the crystal structure determined in the present study, while those of the PDZ domain are predicted based
on the homology model by using SWISS-MODEL homology-modeling server (Arnold et al., 2006) with GRASP55 PDZ domain (PDB code: 3RLE) (Truschel et al.,
2011) as a template.
(C) Plots of 1H-15N heteronuclear NOE for full-length Nas2. The heteronuclear NOE for the backbone amides of full-length Nas2 acquired at a proton frequency of
800.32 MHz. Mean NOE intensity is represented with ±SD, as shown by bars (n = 3). ‘‘P’’ and ‘‘x’’ indicate proline and unassigned residues, respectively.
See also Figure S4.
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Figure 5. NMR Analysis of Nas2N
(A) Chemical shift perturbation data for the Nas2N interacting with PAN-Rpt5C. 1H-15N HSQC spectra of [15N]Nas2 alone (red), in the presence of PAN-Rpt5C
(black) are shown.
(B) Mapping of the perturbed residues of Nas2 upon binding of PAN-Rpt5C. Nas2N is shown as surface representations, both top and bottom, which are rotated
by 90 around the vertical axis. The residues whose NMR peaks became undetectable due to extreme broadening upon binding to PAN-Rpt5C are shown in red.
Tube models of the Rpt5 C-domain and PAN AAA+ ATPase domain are shown in green and transparent cyan, respectively. Proline residues and four unassigned
residues are colored in gray.
(C) Chemical shift perturbation data for Nas2N on binding to PAN-Rpt5C. Yellow bars indicate residues whose NMR peaks became undetectable due to extreme
broadening. ‘‘P’’ indicates proline residue, while ‘‘x’’ indicates unassigned residues and residues whose chemical shift perturbation data could not be obtained
due to severe peak overlapping. The secondary structural elements are indicated above the plots.
Structure
Nas2-Mediated Proteasome Assembly Mechanismsrevealed that these chaperones took on different structures
despite their functional similarity (Nas6 [ankyrin repeats] [Naka-
mura et al., 2007], Rpn14 [WD40 propeller] [Kim et al., 2010],
Hsm3 [HEAT repeats] [Barrault et al., 2012; Takagi et al.,
2012].) These studies demonstrate that Hsm3-Rpt1 and Nas6-
Rpt3 interactions involve the a2 and a4 helices of Rpt subunits.
In addition, recent NMR studies demonstrated that Rpn14 inter-
acts exclusively with the a2 and a4 helices of Rpt6 in a similar
manner as those of the Hsm3-Rpt1 and Nas6-Rpt3 interactions
(Ehlinger et al., 2013). In contrast, the Nas2N-Rpt5C complex
has a distinct binding mode in comparison with the other RP-
assembly chaperones (Figure 7A). Namely, Nas2 binds an oppo-
site surface of the Rpt C-domain (primarily composed of the a1
and a3 helices) without involvement of the a2 and a4 helices.
The a2 and a4 helices of the Rpt C-domain are located on
the outer surface of the ATPase hexameric ring, whereas the
a3 helix is situated at the inner Rpt subunit interface, suggesting
a quite distinct role of Nas2 in the proteasome assembly path-
way as compared with other three chaperones (Hsm3, Nas6,
and Rpn14). The Nas2N-binding site of Rpt5 was composed ofStructure 22Met368 (a1-2 loop), Val396, Glu397, Met400, Leu403 (a3), and
Arg425 (a4). Among these contact residues, Val396 and
Arg425 are characteristic for Rpt5 (Figure S5). We hypothesize
that these nonconserved residues, along with the C-terminal
motif, of Rpt5 account for the Nas2-specificities to this Rpt
subunit.
DISCUSSION
Here, our crystallographic and NMR spectroscopic analyses, in
conjunction with functional assays, demonstrate that Nas2 che-
lates the Rpt5 C-domain through its independent two domains:
the N-terminal helical domain interacts with the inner subunit
interface of the Rpt5 C-terminal helical domain, whereas the
C-terminal PDZ domain masks the C-terminal proteasome-
activating motif of Rpt5.
As previously reported (Ehlinger et al., 2013; Kish-Trier and
Hill, 2013; Park et al., 2013; Tomko and Hochstrasser, 2013),
docking of Nas6-Rpt3 and Hsm3-Rpt1 complex structures
onto the EM model of the 26S proteasome indicates that, 731–743, May 6, 2014 ª2014 Elsevier Ltd All rights reserved 737
(legend on next page)
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Figure 7. Comparison of Interaction Mode
among the RP-Assembly Chaperones
(A) Crystal structures of assembly chaperone-RP
complexes: left, Nas2-Rpt5 (red and wheat); cen-
ter, Nas6-Rpt3 (cyan and pink); right, Hsm3-Rpt1
(orange and white). All RP-assembly chaperones
bind to C-terminal domains of the Rpt subunits.
The secondary structural elements of the Rpt
subunits are labeled, highlighting the binding a
helices with red letters.
(B) The Nas2N-Rpt5C complex structure was su-
perimposed on an EM model of Rpt ATPase ring
(PDB code: 4B4T). Nas2N is shown as red-colored
ribbon models. The Rpt ring is shown as surface
representations and is colored transparent gray
(Rpt1), transparent green (Rpt2), pink (Rpt3), slate
(Rpt4), wheat (Rpt5), and lemon (Rpt6).
See also Figure S5.
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ible with the formation of an Rpt1–6 hexameric ring without sig-
nificant steric clashes (Figure 7). It has been suggested that
these assembly chaperones act as a scaffold for the appropriate
arrangement of the Rpt ring. Recent biochemical and structural
studies have demonstrated that Hsm3 acts as a matchmaker
for the module by bridging both Rpt1 and Rpt2 (Barrault et al.,
2012; Takagi et al., 2012). On the other hand, the association
of Hsm3, Nas6, and Rpn14 to the base appears incompatible
with the assembled holoenzyme structure due to steric hin-
drance against the 20S CP. This modeling is consistent with
the previous findings that the three chaperones (Hsm3, Nas6,
and Rpn14) are present in the RP precursor, comprising the
base and lid, and become dissociated from it upon its interaction
with the 20S CP (Funakoshi et al., 2009; Kaneko et al., 2009;
Saeki et al., 2009; Tomko et al., 2010). It is controversial whether
they only prevent formation of off-pathway assembly products
between RP intermediates and CP or control arrangement of
the ATPase ring in conjunction with CP as a template or scaffold
(Park et al., 2013; Tomko and Hochstrasser, 2013).
In contrast, binding of the Nas2 N-domain to Rpt5 causes
significant steric hindrances against not only 20S CP but alsoFigure 6. NMR Analysis of Nas2C
(A) 1H-15NHSQC spectra of [15N]Nas2C alone (red), in the presence of the PAN-Rpt5C (left), Rpt5 (center) or R
(B) NMR chemical shift change for Nas2C with PAN-Rpt5C (top), Rpt5 (middle), and Rpt4 (bottom). Yellow
undetectable due to extreme broadening upon addition of Rpt5C.
(C) The perturbed residues of the Nas2 PDZ domain are colored in magenta and the color gradient indic
Dd = [(DdH)
2 + (DdN/5)
2]1/2 (left). Residues whose NMR peaks became undetectable due to extreme broaden
Crystal structure of the syntenin PDZ domain is shown (center, PDB code: 1OBX) (Kang et al., 2003). The b
shown in the stick diagram. Proline and unassigned residues are colored in gray. The surface diagram (righ
diagram in (left).
Structure 22, 731–743, May 6, 2014the Rpt1 and Rpt2 subunits of the 19S
base because Nas2 touches the a3 helix
of Rpt5, which corresponds to its Rpt1-
interacting surface (Figure 7B). This
clearly explains why Nas2 dissociates
from the base complex upon completion
of the ATPase ring formation. Unlike
other RP chaperones, Nas2 has beenreported to be nonessential for scaffolding between Rpt4 and
Rpt5 (Funakoshi et al., 2009). Our structural data consistently
indicated that the Rpt4-binding interface on Rpt5 is still open,
even in its complex with Nas2. Nas2 binding on Rpt5 may pre-
vent formation of the off-pathway products between RP inter-
mediates and CP. Our data suggested that this distinct mode
of Nas2N-Rpt5C interaction is complemented with the Nas2
PDZ domain, which directly antagonizes the 20S CP-Rpt5
interaction by capping the C-terminal tail of Rpt5 (Figure 6).
Remarkably, 19S RP opens the CP gate pore through the dock-
ing of the C-terminal tails of Rpt2, Rpt3, and Rpt5 (Beckwith
et al., 2013; Gillette et al., 2008; Smith et al., 2007). Although
the C-terminal tail of Rpt5 is the most potent CP activator, its
dual binding with the Rpt2 C-terminal motif eventually activates
the proteasome in an irretrievable manner. By inspecting our
structural data, we conclude that Nas2 operates as a protea-
some activation blocker, offering a checkpoint during the for-
mation of 19S ATPase prior to its docking onto the proteolytic
20S core particle (Figure 8).
In summary, our biochemical and structural studies give in-
sights into the molecular mechanisms whereby Nas2 regulates
the base orchestration and consequent proteasome activation,pt4 (right) heptapeptides (black) with 1:1molar ratio.
bars indicate residues whose NMR peaks became
ates the strength the chemical shift perturbation:
ing upon binding to PAN-Rpt5C are colored in red.
ound cognate ligand (IL-5Ra C-terminal peptide) is
t) is provided in the same orientation as the ribbon
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Figure 8. RP Base Assembly Mechanism Mediated by Nas2
RP base assembly intermediates are formed from nine base subunits and a deubiquitylating enzyme Ubp6 (Funakoshi et al., 2009; Le Tallec et al., 2009;
Saeki et al., 2009; Sakata et al., 2011; Tomko et al., 2010). First, Nas2 module makes an assembly intermediate complex with Nas6-Rpn14 module together
with Rpn2. Next, incorporation of Hsm3 module triggers Nas2 dissociation from the complex through a steric hindrance between N-terminal domain of
Nas2 and ATPase domains of Rpt1/Rpt2. Binding of the N-terminal domain of Nas2 on Rpt5 may prevent formation of the off-pathway products between
RP intermediates and CP. In addition, the C-terminal PDZ domain directly antagonizes the 20S CP-Rpt5 interaction by capping the C-terminal tail of
Rpt5. Nas2 thus operates as a proteasome activation blocker, offering a checkpoint during 19S base assembly process prior to its docking onto the
proteolytic 20S CP.
Structure
Nas2-Mediated Proteasome Assembly Mechanismsproviding the missing link in the proteasome assembly and acti-
vation pathway.
EXPERIMENTAL PROCEDURES
Yeast Strains and Media
The Saccharomyces cerevisiae strains used in this study are listed in Table S1.
All strains are isogenic to strain W303. Yeast cells were grown in SC-Ura
medium (0.67% yeast nitrogen base without amino acids, 0.5% casamino
acids, 2% glucose, 10 mM potassium phosphate [pH 7.5], 400 mg/l adenine
sulfate, 10 mg/l uracil, and 20 mg/l tryptophan) at 28C. For expression of
Nas2 and its truncation mutants, a high-copy plasmid that expresses N-termi-
nal FLAG-tagged Nas2 under the ADH1 promoter was used.
Immunoprecipitation and Western Blotting
The cells grown in SC-Ura medium were harvested and lysed using glass
beads in lysis buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10% glycerol,
100 mM MG132, and complete protease inhibitor cocktail [Roche] EDTA
free). After removal of the glass beads, extracts were cleared by centrifugation
and incubated with anti-FLAG M2 agarose beads (Sigma) for 2 hr at 4C.
Beads were washed thrice with the same buffer and the intact 26S protea-
somes were eluted with 400 mg/ml 3XFLAG peptide (Sigma). The proteins
were separated by SDS-PAGE on 4%–12% NuPAGE Bis-Tris gels with MES
buffer (Life Technologies), followed by blotting onto a PVDF membrane (GE
Healthcare). The membranes were probed with anti-Rpt4 (raised against an
Rpt4-specific peptide), anti-Rpt5 (PW8245, Enzo Life Sciences), and anti-
yeast 20S proteasome (Tanaka et al., 1988) antibodies. Yeast 26S proteasome
was purified as described previously (Saeki et al., 2005).
Mass Spectrometric Analysis
In-gel trypsin digestion and shotgun analysis were carried out using a nano-
liquid chromatography (Easy nLC 1000, Thermo Fisher Scientific) coupled
with a Q Exactive mass spectrometer (Thermo Fisher Scientific) as described740 Structure 22, 731–743, May 6, 2014 ª2014 Elsevier Ltd All rightspreviously (Tsuchiya et al., 2013). Reverse-phase chromatography was per-
formed using the Thermo EASY-nLC 1000 with a binary buffer system con-
sisting of 0.1% formic acid (FA) (solvent A) and 100% acetonitrile/0.1% FA
(solvent B) with a flow rate of 300 nl/min. The peptides were directly loaded
on a reverse-phase column (75 mm inner diameter 3 120 mm length, 3 mm
C18 Reprosil-Pur, Nikkyo Technos) and separated using a 15 min 2-step
gradient (0%–40% for 10 min and 40%–100% for 5 min of solvent B). The Q
Exactive was operated in the data-dependent mode, using Xcalibur software,
with survey scans acquired at a resolution of 70,000 at m/z 200. Up to the top
10 most abundant isotope patterns with charges 2–5 from the survey scan
were selected with an isolation window of 2.0 Th and fragmented by higher-
energy collision dissociation with normalized collision energies of 28. The
maximum ion injection times for the survey scan and the MS/MS scans were
60 ms, respectively and the ion target values were set to 3e6 and 1e6, respec-
tively. Raw files were searched by Protein Discoverer software version 1.3
(Thermo Fisher Scientific) using MASCOT search engine against the Swiss-
Prot database (version 2012_10 of UniProtKB/Swiss-Prot protein database).
The precursor and fragment mass tolerances were set to 10 ppm and
20 mmu, respectively. Methionine oxidation, protein amino-terminal acetyla-
tion, pyroglutamate formation, serine/threonine phosphorylation, tyrosine
phosphorylation, and diglycine modification of lysine side chains were set as
variable modifications for database searching. Peptide identification was
filtered at 1% false discovery rate.
Binding Assays Using a Wheat Germ Cell-free Protein Synthesis
The open reading frames (ORFs) of Rpt4, Rpt5, and Nas2 were cloned into
pEU-E01-MCS vector or pEU-E01-His-TEV-MCS vector (CellFree Sciences).
His6-tagged Nas2 and Rpt proteins were cosynthesized by the standard
bilayer methods according to the manufacturer’s instructions (WEPRO7240H,
CellFree Sciences). After centrifugation for 10 min at 20,000 3 g, 2 ml of Ni-
Sepharose HP (GE Healthcare) was added to the supernatants (200 ml) and
incubated for 2 hr at 4C. After washing thrice with wash buffer (50 mM phos-
phate buffer, pH 7.5, 300mMNaCl, 50mM imidazole), the proteinswere eluted
using 20 ml of elution buffer (50 mM phosphate buffer, pH 7.5, 300 mM NaCl,reserved
Table 1. Data Collection and Refinement Statistics for Nas2N and Its Complex with Rpt5C
Nas2N SeMet-Nas2N PAN-Rpt5C Nas2N-PAN-Rpt5C
Crystallographic Data
Space group P6122 P6122 P1 P3121
Unit cell a/b/c (A˚) 64.6/64.6/149.8 64.8/64.8/150.3 71.0/85.8/105.3 110.6/110.6/251.9
a/b/g () 90.0/90.0/120.0 90.0/90.0/120.0 90.0/90.0/89.9 90.0/90.0/120.0
Data Processing Statistics
Beam line NSRRC 13B1 NSRRC 13B1 PF-AR NE3A SPring-8 BL44XU
Wavelength (A˚) 0.97946 0.97879 1.00000 0.90000
Resolution (A˚) 50–1.65 (1.68–1.65) 50–1.75 (1.78–1.75) 50–2.60 (2.64–2.60) 50–4.00 (4.07–4.00)
Total/unique reflections 232,415/23,223 444,251/19,657 141,626/76,400 86,538/15,872
Completeness (%) 99.8 (100.0) 99.6 (99.4) 96.2 (97.6) 100.0 (100.0)
Rmerge (%) 8.8 (39.1) 9.4 (37.6) 8.1 (38.1) 10.0 (55.4)
I/s (I) 45.7 (4.4) 57.4 (6.9) 17.2 (2.6) 28.1 (5.0)
Redundancy 10.0 22.6 5.8 5.5
Refinement Statistics
Resolution (A˚) 20.0–1.65 20.0–2.60 19.9–4.00
Rwork/Rfree (%) 15.9/19.7 24.2/27.4 22.6/28.3
Rmsd from ideal
Bond lengths (A˚) 0.011 0.010 0.004
Bond angles () 1.57 1.47 0.94
Ramachandran plot (%)
Favored 100.0 98.4 96.7
Allowed 0 1.6 3.3
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Nas2-Mediated Proteasome Assembly Mechanisms500 mM imidazole). The protein samples were analyzed by 12% SDS-PAGE,
followed by Coomassie brilliant blue (CBB) staining.
Expression and Purification of Recombinant Proteins for Structural
Studies
For the expression of S. cerevisiae full-length Nas2 (termed as Nas2FL), the
gene encoding nas2 (YIL007C, residues 1–220) was cloned into the NdeI
and SalI sites of the pET-28b vector (Novagen). As for Nas2N and Nas2C,
the residues 1–120 and 121–220 were cloned into the BamHI and SalI sites
of the pCold-MBP vector (Satoh et al., 2010). For expression of the PAN-
Rpt5C chimera, the gene encoding Pyrococcus furiosus pan (PF0115, AAA+
ATPase domain, residues 125–309) and S. cerevisiae RPT5 (YOR117W, C-ter-
minal domain, residues 356–434) were connected through a Glu-Phe (EcoRI
site) linker (original rpt5 and pan sequence are Glu-Asp and Phe-Glu, respec-
tively). The chimera DNA was cloned into the NdeI and SalI sites of the pET-
28b vector. E. coli BL21-CodonPlus (DE3; Agilent Technologies) cells were
used for all protein production experiments. For the expression and purifica-
tion, E. coli cells harboring the plasmids were cultured in LB medium contain-
ing 15 mg/ml kanamycin or 50 mg/ml ampicillin and subsequently harvested
after induction with 0.2 mM isopropyl b-D-thiogalactoside (Wako Pure
Chemical Industries) for 16 hr at 16C (pCold-MBP) or 18C (pET-28b). Sele-
nomethionine (SeMet)-labeled Nas2N for the phase determination was also
expressed in E. coli B834 (DE3) using M9 minimum medium with SeMet and
then purified as for the native protein. For NMR analyses, Nas2 proteins
were expressed in M9 minimum medium containing [15N]NH4Cl and/or [
13C]
glucose. Several amino acid-selective isotope-labeled proteins were ex-
pressed using the protocol described in the literature (Nishida et al., 2006) or
by employing a Musaibo-kun cell-free protein synthesis kit (Taiyo Nippon
Sanso).
Harvested cells were resuspended with buffer A (50 mM Tris-HCl [pH 7.5],
150 mM NaCl, 1 mM MgCl2, 4 mM 2-mercaptoethanol (2-ME) and 10 mg/ml
DNase I) and were subsequently lysed by sonication. The cell lysate was
loaded on a Ni2+-charged chelating Sepharose column (GE Healthcare), and
the bound protein fraction was extensively washed with buffer B (20 mM
Tris-HCl [pH 7.5], 300 mM NaCl, 50 mM imidazole, and 1 mM 2-ME). TheStructure 22His6-tagged proteins were eluted with buffer B containing 500 mM imidazole.
For purification of Nas2N and Nas2C, TEV protease was used to remove the
His6-MBP-tag. Thrombin protease was used to remove the His6-tag for the
PAN-Rpt5C. Further purification was performed using a HiLoad Superdex
75 column (GE Healthcare) in 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, and
10 mM 2-ME.
Crystallization, X-Ray Data Collection, and Structure Determination
NontaggedNas2N and PAN-Rpt5Cwere dissolved in 20mMTris-HCl (pH 7.5),
20 mM NaCl and 0.5 mM DTT. Crystals were grown using hanging (sole) or
sitting (complex) drop vapor diffusion at 20C. Nas2N-PAN-Rpt5C (molar ratio
2:1, 5 mg/ml) complex was crystallized in a buffer containing 8% PEG6000,
0.1 MMES (pH 6.0), 80 mMMgCl2. The PAN-Rpt5C (7 mg/ml) was crystallized
in a buffer containing 8% PEG3350, 0.1 M Bis-Tris (pH6.0), 0.1 M magnesium
formate and 3 mM 3-[(3-cholamidopropyl) dimethylammonio]-2-hydroxypro-
pan esulfonate (CHAPSO). Native Nas2N (6 mg/ml) and SeMet-substituted
Nas2N (5 mg/ml) were crystallized in a buffer containing 0.9 M sodium
acetate trihydrate, 0.1 M HEPES (pH 8.5), and 50 mM cadmium sulfate. All
crystals were cryoprotected with crystallization mother liquor supplemented
with 20% glycerol. For the crystal structure analyses, data sets were
collected using synchrotron radiation at 13B1 of the National Synchrotron
Radiation Research Center (NSRRC, Taiwan), NE-3A of the Photon Factory
and BL44XU of SPring-8 (Japan). All diffraction data were processed using
HKL2000 (Otwinowski and Minor, 1997). The crystal parameters of native
and SeMet-Nas2N, PAN-Rpt5C, and Nas2N-PAN-Rpt5C complexes are
shown in Table 1.
The 1.75 A˚ crystal structure of Nas2N was solved by the SAD method using
modules of the Phenix suite (Adams et al., 2010). Using the 1.65 A˚ native
data set, further automated model building and manual model fitting to
electron density maps were performed using ARP/warp (Langer et al., 2008)
and COOT (Emsley et al., 2010), respectively. The 2.60 A˚ crystal structure of
PAN-Rpt5C was solved by a combination of molecular replacement and
noncrystallographic symmetry averaging procedures using the program
MOLREP with Methanocaldococcus jannaschii PAN (Protein Data Bank
[PDB] code: 3H4M) as a search model. The 4.00 A˚ crystal structure of, 731–743, May 6, 2014 ª2014 Elsevier Ltd All rights reserved 741
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the 2.60 A˚ PAN-Rpt-5C and manual model fitting to the electron density
maps using the high-resolution Nas2N coordinate. The refinement procedure
was performed using REFMAC5 (Murshudov et al., 1997) and phenix.refine
(Adams et al., 2010). The stereochemical quality of the final model was
assessed using RAMPAGE (Lovell et al., 2003). The refinement statistics are
summarized in Table 1. The molecular graphics were prepared using PyMOL
(http://www.pymol.org/).
NMR Spectroscopy
NMR samples with a protein concentration of 0.2 mMwere prepared in 25 mM
potassium phosphate buffer at pH 6.8, containing 0.2 mM DTT and 10% D2O.
Full-length Nas2 sample was expressed using a modified pCold I vector
(TaKaRa Bio) containing TEV protease cleavage site. The resultant recombi-
nant protein has the same N-terminal Gly-Ser residues as in Nas2N. All NMR
spectra were acquired at 30C on AVANCE800 NMR spectrometer equipped
with 5 mm inverse triple-resonance probes with three-axis gradient coils.
Chemical shifts of 1H were referenced to DSS (0 ppm), whereas 13C and 15N
chemical shifts were referenced indirectly, using the gyromagnetic ratios of
13C, 15N, and 1H (g13C/g1H = 0.25144952, 15N/g1H = 0.10132905). Backbone
resonance assignments were obtained using 2D 1H-15N HSQC and the
following 3D experiments: HNCO, HN(CA)CO, HNCA, HN(CO)CA, CBCANH,
and CBCA(CO)NH. All NMR data were processed using NMRPipe software
(Delaglio et al., 1995) and analyzed with SPARKY (Goddard and Koeller,
1993) and CCPNMR (Vranken et al., 2005) software. In 1H-15N heteronuclear
NOE experiment, the protonmagnetizationwas saturated during 4 s to achieve
the steady state. Chemical shift perturbations observed for 15N-labeled Nas2
(0.2 mM) titrated with 0.2 mM concentration of nonlabeled PAN-Rpt5C, C-ter-
minal heptapeptides of Rpt4 (431TIEYQKL437), or Rpt5 (428KSVSFYA434) were
quantified as Dd = [(DdH)
2 + (DdN/5)
2]1/2, where DdH and DdN are the observed
chemical shift changes for 1H and 15N, respectively.
SPR Measurements
His6-tagged Nas2FL, His6-MBP-tagged Nas2N and His6-MBP-tagged
Nas2C121–220, and nontagged PAN-Rpt5C were dissolved in 10 mM HEPES
buffer (pH 7.4) containing 0.15 M NaCl. SPR measurements were performed
at 25C using a Biacore 2000 system (Biacore) equipped with a Sensor Chip
NTA (Biacore). The His6-tagged Nas2FL, His6-MBP-tagged Nas2N and
His6-MBP-tagged Nas2C121–220 were immobilized on the flow cell. PAN-
Rpt5C at concentrations of 0.63–10.0 mM were injected over the flow cells
at a flow rate of 20 ml/min in a running buffer (10 mM HEPES [pH 7.5],
150 mM NaCl, and 0.05% Tween20). Kinetic rate constants for the
PAN-Rpt5C to Nas2FL or Nas2N were determined by fitting the corrected
response data to a simple 1:1 Langmuir binding model with drifting baseline.
Dissociation constants (KD) were then calculated as the ratio of kdiss/kass,
where kdiss and kass are the dissociation rate and association rate constants,
respectively.
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